Background/Aims: To investigate the incidence and clinical characteristics of congenital anomalies of the kidney and urinary tract (CAKUT) in children with congenital heart defects (CHD). Methods: We retrospectively analyzed the clinical data of children with CHD with CA-KUT admitted to the Shanghai Children's Medical Center affiliated with the Shanghai Jiao Tong University School of Medicine between September 2018 and March 2019. Patients underwent routine examinations for liver, kidney, and coagulation function, and urinary tract ultrasonography, and we summarized patients' clinical manifestations and imaging abnormalities. Results: A total of 1,410 children with CHD were diagnosed and treated in our hospital. The total number of patients with abnormal urogenital systems was 104, and hydronephrosis was the most common abnormality, followed by vesicoureteral reflux and duplication of the kidney and ureter. The overall prevalence of CAKUT was 7.4%. There was no statistically significant difference for maternal age, sex, parity, gestational age, and history of medication during pregnancy between the patients with CAKUT and those without CAKUT. Conclusion: The incidence of CAKUT in our patients with CHD was significantly higher than that in the general population. We recommend urinary ultrasonography as a routine examination for children with CHD for early detection of CAKUT, to avoid missed diagnoses, and to initiate appropriate treatment.
Introduction
Previous studies in children with congenital anomalies of the kidney and urinary tract (CAKUT) have shown that congenital heart defects (CHD) are the most important comorbidity [1] [2] [3] . Specific genetic factors, environmental influences on fetal development, and medications during pregnancy may form the underlying cause of concurrent CAKUT in CHD [2, 4, 5] . Knowledge of the prevalence, types, maternal risk factors, and the natural history of CAKUT associated with CHD are crucial; however, few studies have addressed this topic. Some researchers have stressed that special effort should be made to understand the pathogenesis of CAKUT [6, 7] . Assessing the clinical significance of this condition is also necessary. Therefore, we performed this retrospective study not only to investigate the prevalence of CAKUT associated with CHD in patients undergoing surgery; our aim was to present a descriptive analysis of the nature of CAKUT. We also examined the risk factors and follow-up results in a large number of patients with CHD who underwent surgery.
Materials and Methods

Study Design and Participants
All patients with CHD underwent surgery at the Department of Cardiac and Thoracic Surgery, Shanghai Children's Medical Center, Shanghai Jiao Tong University School of Medicine between September 2018 and March 2019. Data for patients aged < 12 years (age at surgery) with CHD were retrospectively evaluated and were screened for the presence of CAKUT. Ultrasonographic parameters and clinical information (including prenatal consultation records) were obtained from all available electronic medical record databases. Patients without available information for the ultrasonographic parameters were excluded from the analysis. Patients with Society for Fetal Urology grade 1 hydronephrosis were also excluded. Patent foramen ovale and patent ductus arteriosus were not considered as CHD in newborns.
The following clinical and demographic data were collected for each patient: age, gestational age, sex, family history (CHD, CAKUT, or other congenital anomalies), type and side of CAKUT, type of CHD, history of urinary tract infection, time since CKD diagnosis, time since CAKUT diagnosis, and other associated anomalies. CAKUT was defined by renal ultrasonography in all patients and, on indication, by voiding cystourethrogram and/or radionuclide evaluation and magnetic resonance urography. CAKUT variants of concern were: renal agenesis, renal dysplasia/hypoplasia, hydronephrosis (ureteropelvic junction obstruction or ureterovesical junction obstruction), vesicoureteral reflux (VUR), duplex collecting system, horseshoe kidney, and posterior urethral valves. The mean follow-up period was 11 months (range 6-24) after surgery for CHD.
Statistical Analysis
Data are shown as mean ± SD for continuous data and percentage for categorical variables. The 2-tailed unpaired t test was used to determine statistically significant differences in variables. The Fisher exact test was used to compare proportions. All p values of < 0.05 were accepted as statistically significant. 
Results
During the study period, 1,481 patients with CHD underwent surgery. We excluded 71 patients because of missing ultrasonographic data. The frequency of each type of CHD is presented in Table 1 ; atrial septal defect and ventricular septal defect were the two most frequent defects (each 35%). The mean age at surgery was 17 ± 21.4 months (range 20 days to 11 years). There were 661 girls (46.9%) and 749 boys (53.1%); patients' demographic and clinical characteristics are shown in Table 2 .
Of the 1,410 patients with CHD, 104 (7.4%) had CAKUT involving 129 renal units, with a slight left-side preponderance (71 left kidneys and 58 right kidneys for a 1.22: 1 ratio). The most frequent CAKUT were hydronephrosis and VUR. Patients with mild pyelectasis (anteroposterior renal pelvic diameter: 0-10 mm) were excluded from case series of hydronephrosis ASD, atrial septal defect; AVSD, atrioventricular septal defect; CAKUT, congenital anomalies of the kidney and urinary tract; CHD, congenital heart defects; HLHS, hypoplastic left heart syndrome; PA, pulmonary atresia; PDA, patent ductus arteriosus; PS, pulmonary stenosis; PVC, pulmonary venous connection; TGA, transposition of great arteries; TOF, tetralogy of fallot; VSD, ventricular septal defect. There was no correlation between CHD type and the different CAKUT variants. Of the patients with CAKUT, there is almost no difference in the prevalence between girls and boys. (54/104 for girls vs. 50/104 for boys; p > 0.05). Serum blood urea nitrogen and creatinine levels were normal in all patients with CAKUT. Additional urogenital findings other than CAKUT were detected in 39 patients (cryptorchidism in 20, hypospadias in 18, and ovarian teratoma in 1). Other comorbidities were present in 19.2% of the patients with CAKUT. Among the 1,306 patients without urogenital anomalies, other comorbidities were present in 10.7% of the patients. The most frequent anomalies were musculoskeletal anomalies, digestive system anomalies, and ear, face, and neck anomalies.
The maternal age of mothers of patients with CAKUT versus mothers of unaffected children did not differ. Children with CAKUT had a significantly lower birth weight compared with children without CAKUT (2.89 vs. 3.16 kg, respectively; p < 0.001) ( Table 3) . A total of 62 of 104 patients with CAKUT were diagnosed prenatally, and 59.6% of these fetuses had multiple congenital anomalies. Thirty-five cases with hydronephrosis had been diagnosed prenatally. Of these 35 patients, 18 (51.4%) had resolution before the time of heart surgery. So, the real number of patients with CAKUT is 86 at the time of heart surgery. No abnormality was found in 42 CAKUT patients during prenatal ultrasound examination. Among these 42 children who received no prenatal diagnosis, there were 24 VUR, 9 duplicated collecting duct systems, 2 posterior urethral valves, 1 horseshoe kidney, and 6 hydronephroses.
Eight patients (7.7%) underwent renal or ureteral surgery during the follow-up (2 cases with hydronephrosis received pyeloplasty when differential renal function was less than 40%; 2 cases with high-grade [IV-V] VUR received surgery; 2 cases with ectopic upper pole ureters in duplex kidneys were managed surgically by ipsilateral distal ureteroureterostomy; 2 cases with duplicated collecting systems received laparoscopic upper pole nephrectomy because of decreased differential renal function and recurrent pyelonephritis in the upper pole of the duplicated kidney). Moreover, 3 patients among these 8 patients were diagnosed prenatally.
Discussion
A recent mouse study indicated a significant overlap in the genetic etiology of CHD and congenital kidney abnormalities [2] , and may indicate that patients with CHD are at increased risk for complications from renal anomalies. This finding stresses the importance of being aware of patients with CHD and concurrent CAKUT and the need to explore the related gene mutation(s) [8] [9] [10] . However, the clinical characteristics of these patients have not been reported. Our retrospective analysis assessed the prevalence and types of CAKUT associated with CHD in a large pediatric cohort. The overall prevalence of CAKUT at birth is 3-6 per 1,000 live births [11] , and in our study, 7.4% of children with CHD had concurrent CAKUT. Studies report that the incidence of CAKUT has increased annually [12, 13] , which may be secondary to developments and progress in ultrasonography and other imaging technologies that have increased the detection rate. In addition, the compliance of regular pregnancy examinations has increased, which provides a good opportunity for the early detection and treatment of CAKUT.
The most frequent CAKUT variants in our patients were hydronephrosis (n = 41, 39.4%), VUR (n = 26, 25%), and duplicated collecting duct systems (n = 18, 17.3%). In this series, the most frequent CHD was atrial septal defect (n = 494, 35%), ventricular septal defect (n = 462, 32.8%), and patent ductus arteriosus (n = 87, 6.2%). We found no correlation between CAKUT type and cardiac lesion type. These findings are consistent with epidemiological characteristics for structural birth defects in the kidney and urinary tract in the human population and mouse models [2] . Our data also confirmed that CAKUT can occur in patients with CHD with a frequency higher than expected in the normal population. A larger sample size is required to fully identify a genetic effect as causative of this novel association.
Because of the concealed location of the kidneys, ureters, and bladder, anatomical malformations without obvious clinical symptoms during early neonatal development are often missed or ignored by parents. Additionally, symptoms cannot be used as the main diagnostic basis for CAKUT to judge whether there is malformation or aggravation of renal injury. Imaging examination plays an irreplaceable role during follow-up. Studies have found that even in the same group of newborns, the diagnostic rate of CAKUT by postpartum ultrasonography is higher than that by prenatal ultrasonographic screening, confirming that a certain proportion of patients with CAKUT are identified in later stages in children with normal prenatal ultrasonographic findings [14] .
Only 3 of our patients were symptomatic. Therefore, children with CHD should be routinely screened by urinary ultrasonography, especially those who were previously found to have subtle abnormalities in the urinary system but were not routinely followed. Ultrasonographic screening is not only of great significance for defining the development of CAKUT, but also can prevent impaired renal function and delay the course of the disease through timely intervention in some serious cases, thus improving the quality of life of children with CAKUT [15, 16] .
At the time of this report, 8 of 104 children with CAKUT in our study have undergone surgery, and the remainder are still under follow-up observation. The degree of kidney and ureter malformations associated with CAKUT changes over time as does the degree of kidney injury [17] . Therefore, pediatric urologists should perform comprehensive assessment of these children and inform their families of their condition and prognosis to avoid anatomical and functional changes caused by the natural evolution of CAKUT, which otherwise may be misunderstood as surgical complications. CAKUT without indications for surgery has no significant effect on the outcome of CHD surgery, but these patients require follow-up in urology clinics postoperatively. During follow-up, if there are indications for surgery for CAKUT, the operation should be performed as soon as possible.
Because this was a retrospective study, all of our patients with CHD were hospitalized for surgical treatment and to obtain complete urological imaging data. Patients who were not hospitalized and those with missing relevant examination data were not included in our analysis. Therefore, our data do not represent all patients with CHD complicated with CAKUT and its clinical characteristics, nor can we provide a comprehensive understanding of the clinical characteristics of CHD combined with CAKUT; this is the main limitation of our study. The accuracy and representativeness of our results will be greatly improved if data for all patients with CHD with CAKUT can be collected.
Conclusion
In conclusion, the incidence of CAKUT in CHD is significantly higher than that in the general population. Urinary ultrasonography is recommended as a routine examination for children with CHD. Our results indicated that patients with CHD would benefit from routine evaluation of the urinary tract in their diagnostic workup to reduce potential renal complications and improve clinical outcomes. We did not perform gene studies in our patients, so we cannot provide a theoretical basis for defining the cause of CHD complicated with CAKUT at the gene level. This part of the work requires further exploration.
